We show that highly homogeneous cubic GaN can be grown by plasma-assisted molecular beam epitaxy on wurtzite GaN nanowires. The line width of the donor bound exciton is below 3 meV and can reach 1.6 meV in the best parts of the studied sample. This allows to perform a detailed spectroscopy of cubic GaN, and, in particular, to determine the precise spectral positions of the donor bound exciton, the fundamental free exciton and the split-off exciton in a photoluminescence experiment.
Gallium nitride usually grows in the hexagonal wurtzite phase ͑h-GaN͒. However, it can also be grown in the cubic zinc-blende phase ͑c-GaN͒, as was first discovered by Seifert and Trempel. 1 This phase being metastable, special growth conditions are usually required to obtain c-GaN without too much phase mixing. Typically, a cubic substrate such as Si, GaAs, or 3C-SiC is used to force the epitaxial growth of c-GaN. In addition, whatever the growth technique, i.e., metalorganic vapor phase epitaxy ͑MOVPE͒ or molecular beam epitaxy ͑MBE͒, the growth temperature is usually reduced with respect to standard conditions for hexagonal material, in order to avoid the formation of the stable hexagonal phase. The interest in c-GaN is motivated both by possible applications ͑for a review, see Ref. 2͒ but also by the more fundamental aim to acquire a better knowledge of this particular semiconductor crystal. Despite a large number of research papers on the growth, structural, and optical characterizations of c-GaN, the quality of these crystals remains poor compared for instance to h-GaN. In particular, the heteroepitaxy process needed to make c-GaN films that are limited in thickness leads to large strain inhomogeneities in the sample that considerably broaden the optical transitions, thus preventing a fine study of the bulk material electronic transitions. While the best h-GaN bulk samples show luminescence line widths of the D0X transitions around 0.1 meV at low temperature, 3 the best reported result so far on c-GaN is 5 meV. 4 Conversely, the recent interest of the community for nanowires ͑NWs͒ has renewed the study of polytypism in III-V semiconductors. It has indeed been observed that depending on the growth conditions, crystals such as GaAs or InP that usually grow exclusively in the zinc-blende phase can be grown in the wurtzite phase in NWs. 5, 6 Same material heterostructures consisting of a cubic well in a hexagonal barrier were even demonstrated. 7 Moreover, in the specific case of GaN, it is now well known that the growth of GaN NWs on Si͑111͒ ͑Ref. 8͒ can lead to high quality fully unstrained GaN with very high quality ͓neutral donor bound exciton D0X luminescence line width smaller than 2 meV ͑Ref. 9͔͒ despite using a heterosubstrate. In this global context, we demonstrate hereafter that it is possible to grow high quality c-GaN on h-GaN NWs by plasma-assisted MBE. In particular, the grown cubic material is very homogeneous, as probed by the line width of the D0X photoluminescence ͑PL͒ peak which is below 2 meV. This feature allows us to perform a detailed spectroscopic investigation of the c-GaN band-edge by PL and PL excitation ͑PLE͒ and to measure precisely basic parameters of cubic GaN band structure.
Samples were grown by plasma-assisted MBE on Si ͑111͒ substrates previously deoxidized by HF ͑10%͒ and thermally outgassed until appearance of the 7 ϫ 7 surface reconstruction. A thin AlN buffer layer was grown prior to GaN deposition in order to improve the NW orientation. 10 The GaN NWs were then grown under N-rich atmosphere and high substrate temperature conditions ͑about 850°C͒. These GaN NWs formed the base of the 100 nm long cubic GaN section which was grown at about 580°C using the same N and Ga flux values. High resolution transmission electron microscopy analysis revealed the presence of pure cubic GaN material, grown above a stacking fault-containing transition zone.
The PL experiments were done by exciting the sample with a continuous wave doubled argon laser emitting at 244 nm, focused onto a ϳ50 m diameter spot. The samples were cooled in a helium flow cryostat allowing one to vary the temperature from 4 to 300 K. The signal was analyzed through a 46 cm focal length spectrometer equipped with a 1800 grooves cm −1 grating, and detected with a liquid nitrogen cooled charge coupled device camera. The resolution was 0.4 meV at 360 nm. The PLE measurements were done exciting the sample with a high pressure xenon lamp filtered by a double grating monochromator ͑focal length 18 cm, 1800 grooves cm −1 ͒. The signal is then analyzed with a 55 cm focal monochromator equipped with a 1200 grooves cm −1 grating and detected by a photomultiplier operated in the photon counting mode. The data was spectrally calibrated with the use of a Hg spectral lamp.
The first experiment performed on these NWs was regular PL at 4 K, as displayed in Fig. 1 . The power was kept low ͑2 W cm −2 ͒ so as to avoid any saturation process. On the high energy side, one recognizes the features of a relaxed h-GaN band-edge with a narrow ͑Ͻ2 meV͒ D0X line at 3.470 eV, and a free exciton ͑FX͒ emission shoulder at 3.477 eV. The emission at 3.45 eV which is often observed in NWs although no consensus exists on its identification is also observed. A strong peak at 3.41 eV characteristic of excitons bound to basal stacking faults and a less intense peak around 3.35 eV that we attribute to excitons bound to prismatic stacking faults are seen on the spectrum. 11 The rather intense peaks linked to stacking faults bound excitons are due to the stacking faults that form at the cubic-hexagonal interface.
On the lower energy side, we clearly observe a strong signal around 3.27 eV that we attribute to the band-edge emission of the cubic GaN. A more detailed spectrum of this spectral region is shown in Fig. 2 . Unlike most of the previously reported results on c-GaN, we can here observe separately the donor bound exciton and the FX luminescence. The line at 3.2691 eV is indeed attributed to a donor bound exciton as the residual doping is expected to be of n-type and due to silicon and/or oxygen atoms as in h-GaN. 12 This attribution is further confirmed by the temperature dependent PL measurement which shows a typical thermalization of the donor bound exciton toward the FX line ͑Fig. 3͒. The line width for the donor bound exciton line slightly depends on the position on the 2Љ sample, probably due to temperature gradients on the substrate during the growth, and is everywhere below 3 meV while the best parts of the sample show line widths down to 1.6 meV. This line width is three times smaller than the best result reported so far by Yaguchi et al. 4 for the luminescence of c-GaN band edge. It is also comparable to the best line widths measured on D0X for hexagonal GaN NWs, which confirms the fact that NWs-by allowing a strong relaxation of the crystals due to the large free surface to volume ratio-naturally host homogeneous relaxed material even for thin films grown on heterosubstrates. This narrow line width of the D0X transition is of course essential for performing a precise spectroscopy of the c-GaN bandedge. We measure here the FX transition to be at 3.2757 eV, so that the D0X/FX splitting ͑in other words the binding energy of the donor bound exciton͒ is 6.6 meV. A consequence is that an inhomogeneous line width below this value is required to spectrally separate the donor bound exciton from the FX.
It is interesting to compare the measured values for the D0X and FX transitions with the values so far published in the literature. We hint that the cubic material that we study should be fully relaxed due to the NW geometry, this hypothesis being supported by the fully relaxed character of h-GaN grown in NWs. As pointed out in reference Ref. 13 , it is expected that most epitaxially grown c-GaN films on heterosubstrates will be essentially relaxed provided that the film is thick enough but one can still not exclude a residual strain that would affect the band-gap-position on the few millielectron volt scale. Ramírez-Flores et al. 13 have studied thick ͑Ͼ1 m͒ c-GaN films grown by MBE on MgO substrates. They report by photoreflectance measurements a value for the FX energy of 3.302Ϯ 0.004 eV which is 26 meV larger than the value we measure. Similarly, they also report a larger value in PL for the donor bound exciton line ͑3.291 eV͒ and we deduce from their values a binding energy for the donor bound exciton of 11Ϯ 4 meV which is compatible with our results, the discrepancy probably coming from the error due to the larger inhomogeneous width in their sample ͑that we estimate to be around 30 meV͒. Menniger et al. 14 have published data on a quite low luminescence line width ͑8 meV, probed by cathodoluminescence͒ for the band-edge of c-GaN microcrystals grown by MBE on GaAs ͑001͒. Their experimental data suggests a donor bound exciton emission in the range 3.268-3.272 eV and the temperature behavior allows one to estimate the position of the FX around 3.278 eV at low temperature. Both these values are very close to the one we report but their line width is however still too large to distinguish in luminescence between the donor bound line and the FX line. Yaguchi et al. 4 have reported the narrowest luminescence peak for c-GaN with a 5 K PL line width of 5 meV, their sample being grown by MOVPE on 3C-SiC. They observe a D0X peak at 3.259 eV which is thus 10 meV below our value, this discrepancy being probably due to a strain effect. The homogeneity of their sample allows them to resolve the D0X and the FX transitions in PL and the energy difference they estimate between the D0X and FX lines is 7 meV, in line with our results. They unfortunately have not performed more precise spectroscopy of their sample despite its good quality.
In order to gain more information on the c-GaN band structure, we have performed PLE, with a detection of the luminescence on the D0X line. Let us note that usually PLE can be performed by detecting on lower lying deep defect luminescence lines, 15 however in our case the absence of deep defect luminescence ͑as is also the case for hexagonal GaN NWs͒ does not allow for this kind of experiment. The PLE signal reported in Fig. 2 clearly shows the lower excitonic absorption, at the same energy that the one of the FX observed in PL. More interesting is the higher absorption line at 3.2925 eV, which shows the next absorption edge and that we attribute to the split-off band exciton. This line is rather broad in the PLE spectrum ͑6 meV͒ and this is due to our limited spectral resolution in PLE: for this particular line, the slits of the monochromator filtering the Xe lamp had to be opened so as to get enough signal. Nonetheless, this is a clear measurement of the split-off band transition that we can compare to the only value reported so far by Ramírez-Flores et al. 13 in a reflectivity measurement. In their case, they report a value for the spin-orbit splitting of 17Ϯ 1 meV, which is in agreement with our more precise measurement of 16.8Ϯ 0.2 meV.
We also have performed temperature dependent PL measurements as shown in Fig. 3 . As expected, the D0X line thermalizes toward the FX line, and eventually vanishes. The FX lines broadens with increasing temperature and eventually a high energy shoulder becomes visible, which corresponds to emission of split-off band excitons. A three Lorentzian fit of the temperature dependent PL allows to obtain a precise evolution of the transitions versus temperature. It is well known that the phenomenological Varshni law cannot be used to fit the band gap variation in GaN in the 4-300 K range, especially due to the large Debye temperature in this system. 16 In our case, the temperature dependence of the FX transition probed in PL is well accounted for by the three parameter fitting function given in Ref. 16 2 / 6͑2T / ⌰͒ 2 + ͑2T / ⌰͒ 4 −1͔ with parameters E 0 = 3.2757 eV, ␣ = 0.55 meV K −1 , and ⌰ = 650 K. In conclusion, we have shown that cubic GaN grown in NWs is of high optical quality and is thus a material of choice to perform fine optical spectroscopy. We have for instance been able to measure the spectral positions of the fundamental optical transitions of cubic GaN with a much improved spectral resolution compared to previously published work. Besides bringing a refined insight into the electronic properties of cubic GaN, the high quality of the material could lead to the development of efficient cubic GaN based devices.
